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 The histidine autokinase CheA functions as the central processing unit in the Escherichia 29 
coli  chemotaxis signaling machinery.  CheA receives autophosphorylation control inputs from 30 
chemoreceptors and in turn regulates the flux of signaling phosphates to the CheY and CheB 31 
response regulator proteins.  Phospho-CheY changes the direction of flagellar rotation; 32 
phospho-CheB covalently modifies receptor molecules during sensory adaptation.  The CheA 33 
phosphorylation site, His-48, lies in the N-terminal P1 domain, which must engage the CheA 34 
ATP-binding domain, P4, to initiate an autophosphorylation reaction cycle.  The docking 35 
determinants for the P1-P4 interaction have not been experimentally identified.  We devised 36 
mutant screens to isolate P1 domains with impaired autophosphorylation or phosphotransfer 37 
activities.  One set of P1 mutants identified amino acid replacements at surface-exposed 38 
residues, distal to His-48.  These lesions reduced the rate of P1 transphosphorylation by P4.  39 
However, once phosphorylated, the mutant P1 domains transferred phosphate to CheY at the 40 
wild-type rate.  Thus, these P1 mutants appear to define interaction determinants for P1-P4 41 
docking during the CheA autophosphorylation reaction. 42 
 43 
 44 

















anuscript          
University of Utah Institutional Repository  
Author Manuscript




 Chemotaxis - movement toward beneficial chemicals or away from harmful ones - is an 48 
important adaptive behavior of motile bacteria.  Chemotactic behaviors have been documented 49 
in a number of bacteria, but most extensively studied in Escherichia coli (1).  E. coli has one set 50 
of chemotaxis genes, whose products comprise a simple signaling pathway in which the 51 
histidine autokinase CheA serves as the central processing unit (2).  CheA operates as a 52 
homodimer; each subunit contains five functional domains, designated P1-P5 (Fig. 1A). P3 53 
comprises the main dimerization determinants; P1 contains the site of autophosphorylation, 54 
His-48; P4 is the ATP-binding domain.  During CheA autophosphorylation, a trans reaction, the 55 
P1 domain of one subunit interacts with the P4 domain of the other subunit (Fig. 1B) (3). 56 
 Transmembrane chemoreceptor proteins monitor the external levels of chemoeffector 57 
compounds, such as the amino acid attractants serine and aspartate.  The cytoplasmic tips of 58 
the receptor molecules form ternary signaling complexes with CheA and with CheW, which 59 
couples CheA activity to receptor control (Fig. 1C).   The P5 domain of CheA binds to both 60 
CheW and receptors and is critical for assembly and function of ternary signaling complexes (4, 61 
5).  Ligand-free receptors activate CheA autophosphorylation several hundred-fold over its 62 
basal, uncoupled rate.  Attractant-occupied receptors deactivate CheA to below its basal rate.  63 
Phospho-CheA donates its phosphoryl groups to two response regulators, CheY and CheB, 64 
which reversibly bind to the CheA-P2 domain, increasing their local concentration at the 65 
receptor signaling complex (Fig. 1B).  Phospho-CheY binds to the switch components of the 66 
flagellar motor to promote clockwise (CW) rotation, which causes the cell to tumble and 67 
randomly change its swimming direction.  Counter-clockwise (CCW) rotation of the flagellar 68 
motors, the default behavior, produces forward swimming episodes.  CheB, a receptor 69 
methylesterase, and CheR, a methylesterase, comprise a negative feedback loop that 70 
covalently modifies the receptor signaling domain to terminate stimulus responses.  Sensory 71 
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chemoeffector gradients as they swim about.  Phosphorylation enhances CheB activity to 73 
accelerate the adaptation process.   74 
 The mechanism of CheA regulation in ternary signaling complexes might involve allosteric 75 
control of the CheA autophosphorylation reaction.  For example, receptors and CheW might 76 
manipulate, either directly or indirectly, interactions between the P1 and P4 domains of CheA.    77 
The CheA structural determinants that promote the P1-P4 interaction have not been 78 
experimentally identified, although cysteine-directed modifications (6) and docking simulations 79 
(7) have defined possible interaction surfaces on the two domains. 80 
 The covalent connection between P1 and the rest of the CheA molecule is not essential for 81 
the autophosphorylation reaction (8, 9), implying that the P1-P4 docking determinants alone 82 
have sufficient strength and specificity to promote functional interactions between the two 83 
domains.  Moreover, isolated P1 fragments that have been phosphorylated in trans can donate 84 
their phosphoryl groups to CheB and CheY, albeit with somewhat slower rates than for native 85 
CheA (10).  Thus, when expressed at sufficiently high stoichiometries, isolated P1 domains can 86 
support chemotactic signaling via interaction with an unconnected P4 domain.  In the present 87 
work, we exploited these P1 signaling properties to identify P1 residues that are important for 88 
functional interaction with the P4 domain. 89 
 90 
MATERIALS AND METHODS 91 
 Bacterial strains and plasmids.  E. coli K-12 strains used in this work, and their relevant 92 
properties, were: RP526 [mutD5] (11); RP437, our wild-type chemotaxis parental strain (12), 93 
and RP437 derivatives RP3098 [Δ(flhD-flhB)4] (13), RP9535 [cheA∆1643] (14), RP9543 94 
[cheA∆1643 ∆cheZ ∆tar-tap ∆tsr ∆trg] (15), and UU1118 [cheAΔ(7-247)] (9). 95 
 Plasmids used to produce CheA and various CheA fragments were derivatives of pTM30, 96 
an IPTG-inducible expression vector (8), or pKG116, a salicylate-inducible expression vector 97 
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(17).  pAG3, encoding CheA[1-149] (P1 domain), is a derivative of pKJ9 (9).  pAG17, from 99 
pTM30-derived expression vector pCJ30 (18), also encodes CheA[1-149] (this study).  Plasmid 100 
pPA113 (pKG116-derived) expresses full-length cheA (4).  Plasmid pSN9, encoding CheA[260-101 
654] (domains P3-P4-P5), is a derivative of pPA113 (this study). Plasmid pRL22 (19) is a 102 
tryptophan-inducible CheY expression vector. 103 
 Media and culture conditions.  Tryptone broth contained 10 g/L tryptone and 5 g/L NaCl.  104 
HCG is H1 minimal salts medium (20) supplemented with 10 g/L casamino acids and 4 g/L 105 
glycerol.  Liquid cultures were generally grown at 35°C. 106 
 CheA-P1 mutant hunts.  DNA of plasmid pAG17 was mutagenized with hydroxylamine, as 107 
previously described (21).  The P1 coding regions were excised from the treated DNA by 108 
digestion with PstI and KpnI endonucleases and ligated to the complementary segment of 109 
unmutagenized pAG17 DNA.  Independent plasmid pools were transferred to strain UU1118 by 110 
CaCl2 transformation and screened for chemotaxis-defective colonies on miniswarm plates (20).  111 
Samples of the transformation mixture were added to an empty petri dish and then mixed with 112 
25 ml of tryptone broth containing 0.4% agar, 100 µg/ml ampicillin, and 1 mM IPTG to induce P1 113 
expression.  After standing for several hours at room temperature to solidify, miniswarm plates 114 
were incubated at 35°C and screened the next day for small, nonchemotactic colonies among a 115 
diffuse background of chemotactic cells.  The inoculum size was adjusted to yield about 5,000 116 
to 10,000 transformant colonies per plate.  Candidate mutants were single-colony purified and 117 
retested for chemotaxis defects on tryptone soft agar at 32.5°C for 8 h and for expression of P1 118 
polypeptides after IPTG induction in liquid culture (4).  About half of the mutant candidates failed 119 
to express P1 protein and were discarded; the remainder of the mutant plasmids were subjected 120 
to DNA sequence analysis to identify mutational changes in their P1 coding regions. 121 
 In a second mutant hunt, plasmid pPA113 was mutagenized by propagation in RP526, a 122 
proofreading-deficient DNA polymerase mutant (11).  The P1 coding region was excised from 123 
the treated DNA by digestion with NdeI and HpaI restriction endonucleases and ligated to the 124 
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transformed into strain RP9543 and screened for enhanced pseudotaxis in miniswarm plates 126 
(see above) containing 10 µM sodium salicylate. 127 
 Transfer of the H26R allele from pPA113 to pAG17.  The P1-coding region of mutant 128 
plasmid pPA113-H26R was amplified by PCR with primers nSN27 129 
[GAAATGCTGCAGCCCGTGAGCATGGATATAAGCGATTTTTAT] and nSN28 130 
[GTTAGGTACCAAGCTTGATGGTTCACTTTTGGC].  PCR fragments were digested with KpnI 131 
and PstI and inserted into plasmid pAG17 DNA digested with the same two enzymes. 132 
 Chemotaxis assays. The chemotactic abilities of strains were measured on semisolid 133 
tryptone agar plates (20).  Where necessary to select for retention of plasmids, plates contained 134 
ampicillin (50 µg/ml) or chloramphenicol (25 µg/ml). 135 
 Protein purification.  CheA[1-149] was purified from cultures of strain RP3098 carrying 136 
plasmid pAG3 as described previously (9).  Cells were grown in HCG plus 50 µg/ml ampicillin to 137 
mid-exponential phase, induced by the addition of IPTG to a final concentration of 200 µM, and 138 
grown for an additional 4 h.  The cells were harvested by centrifugation, resuspended in buffer A 139 
(50 mM Tris-HCl [pH 7.5], 5 mM EDTA, 2 mM β-mercaptoethanol), and passed twice through a 140 
French press (10,000 lb/in2).  The extracts were clarified by centrifugation at 100,000Xg for 1 h 141 
and then precipitated with ammonium sulfate at 45% saturation.  The precipitate was 142 
resuspended in buffer A, dialyzed against buffer A, and loaded onto a 50-ml column packed with 143 
Q-Sepharose (Sigma).  After washing with 10 volumes of TEDG10 buffer (50 mM Tris-HCl [pH 144 
7.5], 0.5 mM EDTA, 2 mM dithiothreitol, 10% [vol/vol] glycerol), protein was eluted with a 0 to 145 
400 mM KCl gradient in TEDG10.  Fractions containing CheA[1-149] were pooled, 146 
concentrated, and dialyzed against TEDG10.  To avoid proteolytic degradation, 1 mM 147 
phenanthroline and 1 mM phenylmethylsulfonyl fluoride were present throughout the 148 
purification.  Purified CheA[260-537] (P3-P4 domains) was a gift from Ron Swanson.  CheY 149 
protein was purified from cultures of RP3098 carrying plasmid pRL22 as described (8).   150 
 Phosphorylation assays.  All reactions were carried out in phosphorylation buffer (50 mM 151 
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assays of CheA[1-149] by CheA[260-537] were performed in 20 µl of phosphorylation buffer as 153 
described previously (9).  Final reactant concentrations were 10 µM for P1 fragments and 10 µM 154 
for P3-P4 fragments.  After mixing the purified proteins, reactions were started by addition of γ-155 
32P-labeled ATP (~1,000 cpm/pmol) to a final concentration of 1 mM.  Phosphotransfer assays 156 
between phosphorylated CheA[1-149] and CheY were performed as described previously (9).  157 
Final reactant concentrations were 1 µM for phospho-P1 and 10 µM for CheY.  At various times, 158 
2-µl samples were removed and added to 10 µl of sodium dodecyl sulfate (SDS) protein sample 159 
buffer (22) to stop the reaction.  Reaction products were separated by electrophoresis on 160 
sodium dodecyl sulfate-containing 16.5% polyacrylamide gels (SDS-PAGE) and quantified with 161 
a Molecular Dynamics PhosphorImager (23). 162 
 Protein modeling and structural display.  E. coli CheA homology models were generated 163 
from T. maritima coordinates by the Swiss-model server (http://swissmodel.expasy.org).  164 
Structure images were prepared with MacPyMOL software (http://www.pymol.org). 165 
 166 
RESULTS 167 
 We used two approaches to identify CheA-P1 residues that play functionally important roles 168 
in its phosphorylation by the P4 domain or in subsequent phosphotransfer to CheY and CheB. 169 
 A mutant hunt with liberated CheA-P1 domains.  In the first approach we looked for 170 
mutations that disabled the ability of plasmid-encoded P1 fragments (pAG17) to support 171 
chemotaxis in a host strain (UU1118) that encodes a P3-P4-P5 fragment of CheA (Fig. 2A).  172 
This CheA fragment efficiently phosphorylates isolated P1 domains (9) and can support 173 
chemotaxis even in the absence of a P2 domain, which is not essential for CheY/CheB 174 
phosphorylation or for chemotactic signaling (10, 17).  We reasoned that P1 lesions that 175 
impaired either the interaction with P4 during autophosphorylation or the subsequent 176 
phosphotransfer reactions with CheY and/or CheB should have more drastic signaling 177 
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molecule.  Thus, the liberated P1 system should enable us to detect P1 structural alterations 179 
that might have little or no functional effect in the context of the intact protein. 180 
  We induced mutations with hydroxylamine in plasmid pAG17 and transformed strain 181 
UU1118 with the mutant plasmid pools.  At 1 mM IPTG induction, the parental plasmid supports 182 
chemotactic signaling in this strain.  We screened for pAG17 mutants that could not support 183 
chemotaxis in the bipartite CheA setup by plating transformant colonies directly in tryptone 184 
semisolid agar containing 1 mM IPTG to fully induce P1 expression.  Cells that received a 185 
mutant P1 plasmid formed small, dense colonies within a diffuse background of chemotaxis-186 
competent cells (not shown).  All mutant candidates were then tested for production of P1 187 
protein upon full IPTG induction (see Methods).  Approximately 50% of the initial candidates 188 
failed to make detectable levels of P1 product and were not characterized further.  The 189 
mutational changes in the remaining mutant plasmids were determined by DNA sequencing; all 190 
corresponded to single amino acid replacements in P1. 191 
 A hunt for leaky CheA mutants.  In a second mutant hunt, we looked for lesions in the P1 192 
coding region of full-length cheA that impaired, but did not eliminate, CheA's ability to generate 193 
phospho-CheY.  In a host lacking chemoreceptors, the basal autophosphorylation activity of 194 
CheA does not produce enough steady-state phospho-CheY to support clockwise (CW) flagellar 195 
rotation (24, 25).  In contrast, receptor-less strains that also lack CheZ, the phospho-CheY 196 
phosphatase, have high steady-state levels of phospho-CheY and exhibit nearly incessant CW 197 
rotation (4) (Fig. 2B).  We reasoned that CheA defects that impaired autophosphorylation or 198 
phosphotransfer to CheY should allow more episodes of CCW rotation, thereby enabling the 199 
cells to spread in soft agar (25), a behavior termed pseudotaxis (26).  Importantly, CheA lesions 200 
that completely abolish CheY phosphorylation would cause incessant CCW rotation.  Such 201 
strains do not spread as rapidly in soft agar as those with balanced CW-CCW behaviors.  Thus, 202 
the pseudotaxis screen enabled us to find CheA mutants with leaky phosphorylation or 203 
phosphotransfer defects. 204 
 We induced random mutations in cheA plasmid pPA113 by passage through a mutD host, 205 
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Alternatively, we generated mutations in the P1 portion of the cheA coding region of pPA113 by 207 
error-prone PCR (27).  We transformed strain RP9543 (deleted for cheA, all receptor genes, 208 
and cheZ) with the mutant pools and screened for pseudotactic clones on tryptone soft agar 209 
plates (see Methods).  DNA sequencing revealed, in addition to a number of previously isolated 210 
alleles, 16 new P1 mutations from this mutant hunt.  Most of the pPA113 mutants exhibited 211 
partial complementation in RP9535, a cheA deletion host, confirming a leaky defect.  However, 212 
some pPA113 isolates failed to complement RP9535, indicating tighter functional defects (Fig. 213 
3A). 214 
 Identification of possible P4 interaction determinants in the P1 domain.  The inferred 215 
amino acid replacements in the P1 mutants obtained from the two mutant hunts fell roughly into 216 
three groups based on their P1 expression level and their locations relative to the His-48 217 
phosphorylation site in the P1 tertiary structure (Fig. 3A).  Five mutants (F12S, Q25P, L40S, 218 
F59S, and R77G) expressed low product levels, most likely due to defects in P1 folding and/or 219 
stability (Fig. 3B).  We note that F12 and F59 pack against one another in the P1 tertiary 220 
structure; L40 and R77 are also close neighbors in the structure (Fig. 3B).  These residues lie 221 
near helix ends and might serve to stabilize overall P1 structure by promoting packing 222 
interactions between the helices.  Q25 is more surface-exposed on the A helix and probably not 223 
important to core packing interactions.  However, a proline replacement at this residue would 224 
presumably destabilize the helix, which probably accounts for low steady-state levels of the P1-225 
Q25P protein. 226 
 Amino acid replacements at nine P1 sites (R45, G52, G53, G55, T66, L68, E70, L73 and 227 
D74) involved residues proximal to His-48, the phosphorylation target site, and to residues that 228 
play important roles in the catalytic pocket (Fig. 3C).  Glu-70 participates in catalyzing the 229 
autophosphorylation reaction; Lys-51 and His-67 align reactants in the catalytic pocket (28, 29) 230 
(Fig. 3C).  Owing to their proximity to these important autophosphorylation determinants, this 231 
group of P1 lesions might interfere directly with the CheA phosphorylation and/or 232 
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 A third set of amino acid replacement sites (T11, D14, H26, E38, A42, M81, M98, and Q99) 234 
involved residues more distal to His-48 in the P1 tertiary structure (Fig. 3D).  Replacements at 235 
Met-81, Met-98, and Gln-99 could affect the orientation of helix D to the other helices of the P1 236 
bundle.  Met-81 lies in the loop connecting helices C and D.  The side chain of Met-98 (helix D) 237 
projects into the core of the 4-helix bundle and the side chain of Gln-99 (helix D) packs against 238 
residues in helix A (not shown).  In contrast, the side chains of Thr-11, Asp-14, His-26, Glu-38, 239 
Ala-42 located on the P1 surface along one face of helix A and at the start of helix B (Fig. 3D).  240 
These latter residues could conceivably define a functionally important interaction surface that is 241 
distinct from the His-48 phosphorylation pocket (Fig. 3C & D).  The signaling phenotypes of 242 
these P1 mutants in the liberated domain chemotaxis setup are illustrated in Fig. 4.  The H26R 243 
replacement, originally isolated in full-length CheA, was also transferred to plasmid pAG17 and 244 
included in these tests.  By this functional measure, mutants H26R, E38K, and A42T have 245 
tighter defects than do mutants T11I and D14N. 246 
 Biochemical defects of mutant P1 domains.  To test the interaction surface hypothesis,  247 
we purified P1 fragments with lesions in αA (T11I, D14N, H26R) or αB (E38K,  A42T) and 248 
examined their phosphorylation properties in vitro.  When paired with a P4-containing fragment 249 
of CheA (CheA[260-537]), all mutant P1 fragments became phosphorylated, but at slower rates 250 
than did a wild-type P1 fragment (Fig. 5A).  The phosphorylation rates of the mutant P1 251 
fragments ranged from 6% (E38K) to 36% (T11I) of the wild type rate.  These results indicate 252 
that the mutant P1 fragments with amino acid replacements distal to His-48 are less effective 253 
substrates for phosphorylation by the ATP-binding and catalytic domain of CheA. 254 
 We next examined the abilities of the phosphorylated P1 fragments to donate their 255 
phosphoryl groups to CheY, following the kinetics of the transfer reaction through the loss of 256 
phosphate label from the P1 donor fragments.  In this assay, the mutant P1 fragments showed 257 
essentially wild-type or even slightly faster dephosphorylation rates (Fig. 5B).  258 
Dephosphorylation of P1 on this time scale was strictly CheY-dependent (data not shown), 259 
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way.  These results indicate that the mutant P1 fragments, once phosphorylated, are not 261 
defective as phospho-donors to CheY. 262 
 263 
DISCUSSION 264 
 We conducted two independent mutant hunts to identify structural determinants in the 265 
CheA-P1 domain that might promote its interaction with the ATP-binding P4 domain during the 266 
CheA autophosphorylation reaction.  One set of signaling-defective P1 mutants had amino acid 267 
replacements near the His-48 phosphorylation site.  These lesions might alter the positioning of 268 
catalytic determinants important for the CheA autophosphorylation and/or phosphotransfer 269 
reactions and were not analyzed further in the present study.  Another set of P1 mutants had 270 
amino acid replacements more distal to His-48, mainly at surface residues in helix A and the 271 
start of helix B (Fig. 3D).  These mutant P1 domains had reduced rates of transphosphorylation 272 
by P3-P4 fragments of CheA (Fig. 5A), but, once phosphorylated, they donated their phosphoryl 273 
groups to CheY at unimpaired rates (Fig. 5B).  We conclude that these P1 residues define 274 
docking determinants that promote interaction with the P4 domain during the CheA 275 
autophosphorylation reaction. 276 
 A model of the productive P1-P4 docking interaction.  Zhang et al. developed a model 277 
of the productive P1-P4 complex based on docking and molecular dynamics simulations 278 
between domains of Thermotoga maritima CheA (7, 30).  We threaded the E. coli P1 and P4 279 
primary structures onto atomic coordinates of their modeled P1-P4 complex and found that our 280 
experimental findings were fully consistent with their model (Fig. 6).  In particular, the side chain 281 
and/or backbone atoms of residues T11, D14, E18, H26, E38, and A42 all abut one or more P4 282 
surface residues in the modeled complex.  Three of the five putative P4 interaction sites are 283 
charged residues (K346, E390, K391) and five of their six presumptive P1 partner residues are 284 
polar (T11, D14, E18, H26, E38), suggesting that ionic and hydrogen-bonding interactions play 285 
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 We constructed several amino acid replacements at P1 residue E38 in plasmid pAG17 287 
(CheA-P1) and at P4 residue K346 in plasmid pSN9 (CheA-P3-P4-P5)  to examine their 288 
functional interactions in the context of the P1-P4 docking model.  The model predicts that some 289 
amino acid replacements at either position, for example, ones like alanine that have a small 290 
side-chain, might not destroy function, given that multiple P1 residues mediate the interaction 291 
with P4 (Fig. 6).  However, other amino acid replacements, for example, charge reversals at one 292 
or both positions, might have more deleterious effects on the docking interaction.  These are the 293 
phenotypic patterns we observed (Fig. 7).  For example, an alanine replacement at either 294 
position retained function in combination with a wild-type partner, but together the mutant CheA 295 
fragments could not complement.  The phenotypic specificity of the E38-K346 mutant 296 
combinations that we tested is certainly consistent with a structural interaction between these 297 
P1 and P4 residues of CheA. 298 
 A cysteine-scanning study of Salmonella enterica serovar Typhimurium CheA, whose P1 299 
domain is nearly identical to that of E. coli CheA, is also consistent with our docking 300 
interpretation (6).  Miller et al. found that a cysteine replacement at residue A42 of P1, a 301 
predicted docking determinant, abrogated CheA signaling (6).  In contrast, replacements at D17, 302 
Q25, and A37, which are one residue displaced from predicted docking residues E18, H26, and 303 
E38 (Fig. 6B), did not impair CheA function, even when modified with a bulky fluorescein (6).  In 304 
the docking model (7), the side chains of these latter residues should project away from the P1 305 
surface and would probably not be critical to the docking interface with P4 (Fig. 6B).  Finally, a 306 
cysteine replacement at Q10, adjacent to putative docking residue T11, "hyperactivated" CheA 307 
autophosphorylation (6).  The Q10C change could conceivably promote productive interactions 308 
with the P4 domain by influencing the packing stability of the N-terminus of P1 helix A to 309 
enhance accessibility of docking determinants.  Consistent with this idea, Q10C formed disulfide 310 
bonds to several P4 residues, demonstrating collisional interactions between this region of P1 311 
and the P4 domain (31). 312 
 The N-terminus of P1 helix A has also been implicated in an interaction with CheY (32, 33).  313 
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CheA3, which corresponds to T11 of E. coli CheA, makes specific contacts to CheY6 residues 315 
(33).  NMR chemical shift and site-directed spin labeling experiments have also demonstrated 316 
that residues T11 and D14 of E. coli P1 may contact CheY (32).  Even if the docking surfaces 317 
for P1-P4 and P1-CheY overlap at the beginning of helix A, the two interaction surfaces do not 318 
have to be mutually exclusive because the P4 domain and CheY would not have to bind to P1 319 
at the same time.  Thus, the N-terminus of P1 helix A might play dual signaling roles.  However, 320 
we did not detect any phosphotransfer defects for the D14N and T11I mutant P1 domains in the 321 
present study, suggesting that interactions between these P1 residues and CheY may not be 322 
very critical for CheA signaling.   323 
 Evidence for a nonproductive P1-P4 interaction.  Hamel et al. identified residues in T. 324 
maritima CheA that exhibited NMR chemical shifts upon mixing P1 and P3-P4 fragments (34).  325 
They observed chemical shift perturbations of residues in P1 helix A and in the turn between 326 
helices A and B, consistent with our mutant results and the Zhang et al. docking model (7) (Fig. 327 
6).  However, the largest P1 chemical shifts occurred in helix D residues opposite the 328 
phosphorylation site in helix B (34).  Moreover, the predominant chemical shifts in P3 and P4 329 
residues defined a P1 interaction site far from the ATP-binding pocket.  Hamel et al. suggested 330 
that P1 helix D might promote a nonproductive binding interaction with P3-P4 and that receptors 331 
might modulate this inhibitory interaction to control CheA activity in ternary signaling complexes 332 
(34). 333 
 Mechanisms of CheA control in receptor signaling complexes.   Recent cryo-electron 334 
microscopy studies of receptor arrays locked in different signaling states revealed that the P1 335 
and P2 domains of CheA are mobile in the kinase-on state and much less mobile in the kinase-336 
off state (35).  Conceivably, P1 might engage P3-P4 in the nonproductive binding interaction 337 
during CheA deactivation.  Alternatively, CheA deactivation in ternary complexes might occur 338 
through conformational changes that lock P1 in the productive binding interaction described in 339 
the present study, blocking release of P1 from P4, which is probably necessary for subsequent 340 
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 It might be possible to distinguish these two control mechanisms by searching for P1 342 
alterations that impair CheA deactivation.  If the nonproductive P1 binding interaction plays no 343 
role in the autophosphorylation reaction, P1 lesions that disrupt that interaction should respond 344 
to receptor-mediated activation, but not to deactivation.  In contrast, if the productive P1-P4 345 
binding interaction underlies both CheA control mechanisms in ternary complexes, alteration of 346 
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FIG. 1. Domain structure and signaling functions of CheA. 453 
(A) Functional architecture of the CheA homodimer.  One CheA subunit is indicated 454 
with gray interdomain linkers, the other with black linkers.  The central P3/P3' domains 455 
comprise the principal dimerization determinants.  456 
(B) CheA signaling reactions.  Autophosphorylation of the homodimer occurs through a 457 
trans reaction between the P1 domain in one subunit and the P4 domain in the other.  458 
CheY and CheB catalyze the subsequent phosphotransfer reactions, using phospho-459 
P1 as the phosphodonor.  Transient docking of CheY and CheB to the CheA-P2 460 
domains raises their local concentrations, accelerating phosphotransfer rates. 461 
(C) Chemoreceptor control of CheA activity.  Chemoreceptor homodimers form trimers 462 
of dimers through interaction of their cytoplasmic tips.  Two trimers of dimers bind two 463 
CheW monomers and one CheA dimer to form a signaling team, the minimal functional 464 
unit.  Signaling teams in the CW output state activate CheA; teams in the CCW output 465 
state deactivate CheA.  Stimuli and adaptational modifications shift teams between 466 
signaling states to control the cell's locomotor behavior. 467 
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FIG. 2. Phenotypic screens for P1 mutants with phosphorylation defects. 471 
(A) Chemotactic signaling by liberated P1 domains.  CheA molecules deleted for the 472 
P1 and P2 domains couple to chemoreceptors and can phosphorylated free P1 473 
domains in a transphosphorylation reaction.  At high expression levels, P1 domains 474 
can act as a reservoir of signaling phosphates, passing them to CheY and CheB for 475 
behavior control. 476 
(B) Pseudotactic control of flagellar rotation by CheA in the absence of chemoreceptors 477 
and the CheZ phosphatase.  Basal activity of CheA is sufficient, in the absence of 478 
CheZ-accelerated dephosphorylation of phospho-CheY, to generate high levels of 479 
clockwise flagellar rotation.  Reduction in CheA activity lead to lower CW rotation and 480 



















anuscript          
University of Utah Institutional Repository  
Author Manuscript
Nishiyama et al. Mutational Analysis of the CheA P1 Domain – 20 – 
 
  484 
 485 
FIG. 3. Summary of P1 lesions obtained from the mutant hunts. 486 
(A) Locations of inferred amino acid changes in the primary structure of the P1 domain.  487 
Cylindrical segments represent alpha helices; the scale above indicates their P1 488 
residue coordinates.  P1 domain mutants were isolated from the P1 plasmid pAG17, 489 
using the liberated P1 screen.  CheA mutants were isolated from the full-length cheA 490 
plasmid pPA113, using the pseudotaxis screen.  Upon subsequent testing, the 491 
pseudotaxis mutants fell into two groups defined by leaky or tight functional defects.  492 
Gray text labels indicate amino acid replacements that reduce steady-state P1 levels in 493 
the cell. 494 
(B) Arrangement of alpha-helices A-D in the P1 atomic structure (36).  His-48 (black 495 
atoms) and five presumptive stability lesions (white atoms) are shown in space-fill 496 
mode. 497 
(C) Locations of P1 alterations (white atoms) that are proximal to His-48 (black) and 498 
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outlined with a dashed circle. 500 
(D) Locations of P1 alterations (white atoms) that are distal to His-48 (black) and the 501 
catalytic pocket (dashed circle).  Both structures are shown in the same orientation.  All 502 
P1 C, N, O atoms are space-filled on the right to indicate the surface location of the 503 
mutant residues.  504 
 505 
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FIG. 4. Chemotactic signaling by liberated mutant P1 domains.  Cells of strain UU1118 512 
carrying mutant pAG17 derivatives were tested for chemotactic abiity on tryptone 513 
medium containing 0.225% agar and 500 µM IPTG.  The plate was incubated at 30°C 514 
for 16 hours.  The wild-type control plasmid is pAG17; the vector control plasmid is 515 
pCJ30. 516 
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FIG. 5. Transphosphorylation and phosphotransfer activities of mutant P1 domains. 520 
Symbols: closed circles, wild type; closed squares, T11I; closed triangles, D14N; open 521 
circles, E38K, open squares, A42T.  Data points are means of two experiments.  See 522 
Methods for experimental details. 523 
(A) Transphosphorylation of P1 domains by P3-P4-P5 CheA fragments. Solid lines 524 
connecting data points represent nonlinear least-squares best fits to the following 525 
equation: fraction phosphorylated = 1 - e-k•t where t is reaction time in minutes and k is 526 
the pseudo-first-order rate constant for the reaction. 527 
(B) Phosphotransfer between phospho-P1 fragments and CheY.  Solid lines connecting 528 
data points were drawn by hand. 529 
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FIG. 6. P1-P4 docking model.  Atomic coordinates for the E. coli P1-P4 complex were 534 
obtained by threading E. coli CheA domains onto the modeled T. maritima P1-P4 535 
complex of Zhang et al. (7).  The P4 domain is shown in surface representation, with 536 
key residues for docking P1 shown space-filled and dark gray.  The P1 domain is 537 
shown in backbone trace with key docking residues space-filled and white.  The His-48 538 
phosphorylation site is space-filled and black. 539 
(A) Top view looking down on the 4-helix P1 bundle. 540 
(B) Side view showing all putative P1 docking residues identified in this study and two 541 
putative P4 docking residues (L388, K391). 542 
(C) A different side view showing other putative P4 docking residues (K346, P389, 543 
E390). 544 
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FIG. 7. Phenotypic interactions between mutant P1 and P4 domains. 549 
Site-directed mutations were created at codon 38 of plasmid pAG17 (P1) and at codon 550 
346 of plasmid pSN9 (P3-P4-P5) to produce the indicated amino acid replacements.  551 
Mutant plasmids were tested in all pairwise combinations for ability to complement host 552 
strain RP9535 (∆cheA).  Plasmid-containing cells were tested for chemotaxis on 553 
tryptone soft agar plates containing 0.5 µM sodium salicylate (to induce P1 expression) 554 
and 200 µM IPTG (to induce P3-P4-P5 expression).  Plates were incubated at 35°C for 555 
9.5 hours before scoring as follows: colony diameter >75% of wild-type with a ring of 556 
chemotactic cells at the periphery (++); colony diameter 40-75% of wild-type with a 557 
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